Introduction
Monitoring newly infected patients for HIV-1 resistance to antiretroviral agents is important for the assessment of optimal treatment for the individual as well as for the public health considerations. The presence of drug-resistant viral variants poses a significant challenge to effective pharmacological intervention at any stage of infection, including acute and early HIV-1 infection. Early initiation of appropriate treatment in the setting of acute HIV-1 infection provides the best opportunity for effective antiretroviral therapy [1] and for restoration of the immune responses [2, 3] . Drug-resistant HIV-1 in acutely infected individuals considerably diminishes the likelihood of long-term viral suppression [4] and, therefore, reduces the potential benefits of early treatment intervention.
Data from Europe and North America have suggested that the prevalence of transmitted drug-resistant HIV-1 variants in recently infected individuals ranges from 10 to 20% [5] [6] [7] [8] . However, there is no single consensus definition of 'drug resistance'. Frequencies of transmitted viral resistance reported are dependent on the detection method used (genotyping or phenotyping), the cohort studied, and the definition of resistance with respect to associated mutations and the 'fold' reduced susceptibility to specific antiretroviral drugs.
It has been suggested that the epidemic of drugresistant HIV-1 is mainly generated by the selection of drug-resistant variants during therapy [9] . The fact that an increase in frequency of drug resistance in newly infected individuals is observed in both the United Kingdom [10] and North America [4] implies that the transmission of resistant HIV-1 is likely because of the growing number of patients in whom current antiretroviral regimens are non-suppressive. In the British cohort, the risk of being infected with a viral variant containing resistance-associated mutations increased over time (adjusted relative risk per year: 1.74) [10] . Similarly, the frequency of isolates with phenotypic resistance increased in subjects with recent HIV-1 infection identified in North America (16.5% in 1999-2000 versus 4.6% in previous years) [4] . We can, therefore, speculate that changes in the accessibility and quality of pharmacological treatment have influenced and will continue to influence the patterns of transmitted drug-resistant HIV-1 viral variants.
Based on our previously reported findings [6] that transmission of HIV-1 variants with resistanceassociated mutations occurred in a sizeable proportion of acutely infected subjects (16%), the present study examines and characterizes further the evolving resistance patterns in newly HIV-1 infected individuals identified between 1995 and 2001.
Methods

Study population
The temporal changes in prevalence of transmitted drug-resistant viral variants was examined in a total of 154 individuals identified as having been newly infected with HIV-1 and referred to the clinical service of the Aaron Diamond AIDS Research Center (ADARC), New York City, between July 1, 1995 and January 31, 2001. The patients were divided into two groups of similar sample size according to the year of identification [group A (n ¼ 76), 1995-1998; group B (n ¼ 78), [1999] [2000] [2001] . All subjects were naive to antiretroviral therapy at study entry, and resistance testing was performed on samples obtained before initiation of treatment. Resistance data regarding 80 individuals enrolled between 1 July 1995 and 8 April 1999 have been previously reported [6] .
Criteria used to confirm newly acquired HIV-1 infection were that HIV-1 RNA was detectable in plasma by either a branched DNA assay (Quantiplex, Bayer Diagnostics, Emeryville, California, USA) or by a reverse transcriptase (RT) polymerase chain reaction (PCR) assay (HIV Amplicor Monitor, Roche Diagnostics, Alameda, California, USA); Western blot analysis indicated absent or evolving humoral immune response to HIV-1; clinical history was consistent with acute retroviral syndrome within 90 days of presentation; and negative HIV-1 serology was documented within 120 days of screening. Written informed consent was obtained from all subjects and the human experimentation guidelines of the Rockefeller University Institutional Review Board were followed.
Genotypic drug resistance testing Protease (PR) and RT genes were analyzed using population sequencing-based methods. Viral RNA was isolated from frozen pretreatment plasma samples using QIAamp viral extraction kit (Qiagen, Valencia, California, USA). Subsequently, an in-house assay consisting of a RT reaction followed by nested PCR; direct sequencing of the entire PR gene and the first 220 amino acid residues of RT was performed on an automated ABI sequencer [6] . Beginning in August 2000, a commercially manufactured kit-based assay [TRUGENE HIV-1 Genotyping Kit (PR, residues 4-98; RT, residues 38-245); Visible Genetics, Toronto, Canada] was used in conjunction with the OpenGene automated DNA sequencing system (Visible Genetics).
The sequences generated were compared with the HIV-1 clade B consensus sequence (Los Alamos HIV database) using Lasergene software. All amino acid substitutions were recorded and subsequently classified as resistance-associated mutations (21 amino acid substitutions in PR and 28 in RT) based on recently published consensus guidelines [11, 12] . The subtype of the generated pol sequences was determined using the Stanford Resistance Database [13] .
Phenotypic drug resistance testing Viral susceptibility testing was performed by ViroLogic, Inc. (San Francisco, California, USA) on frozen plasma samples using a recombinant virus assay (PhenoSense).
Reduced susceptibility to the currently approved antiretroviral drugs was defined as any IC 50 value (inhibi-tory concentration of 50%) greater than 2.5 times that of the drug-susceptible reference strain (NL4.3) based on assay validation studies [14] . Recently amended clinical cut-off values for phenotypic resistance to abacavir (4.5-fold), didanosine (1.7-fold) and stavudine (1.7-fold) were adopted [15] .
Increased susceptibility to any antiretroviral agents, also termed hypersusceptibility/hypersensitivity, was defined as an IC 50 value of less than 0.4-fold compared with the reference virus isolate NL4.3 [16] .
Cloning of reverse transcriptase viral variants with serine or asparagine residues at position 215 Viral variants carrying serine (S) or asparagine (D) residues at codon 215 of RT were identified by population-based sequencing. In order to determine the existence of viral quasispecies, a separate RT-PCR followed by cloning of the 1.5 kb long PCR fragments was performed. After an initial RT reaction, a first round PCR using the oligonucleotides 59-TAAGTGTTTCAAYTGTGGCAAAGAAGGRCA-39 [nucleotide (nt) position 1959-1988 HXB2] and 59-CYTGYTTCTGTATTTCTGCTAYTAAGTCTTTTG -39 (nt position 3514-3547 HXB2) was performed. The reaction was initiated with an incubation of 3 min at 948C, followed by 35 cycles of 948C for 15 s, 608C for 30 s, 728C for 1.5 min and a final elongation step of 10 min at 728C. PCR products from the first round were amplified with the nested primer 59-AATTGCAGGGCCCCTAGGAAAAAGGGCTGTT-39 (nt position 1999-2029 HXB2) and 59-CACTC CATGTACCGGTTCTTTTAGAAT-39 (nt position 3474-3500 HXB2) using the same conditions as for the first-round PCR, but with an annealing temperature of 548C. The 1501 bp fragments were cloned in a TOPO XL TA vector (Invitrogen, Frederick, Maryland, USA) according the manufacturer's recommendations. Plasmid DNA of ten positive clones was prepared according to the manufacturer's instructions (Qiagen) and sequenced as previously described [6] .
Statistical analysis
Changes in frequencies of resistance-associated mutations in the two different groups were analyzed using the ÷ 2 test. The strength of association was tested with odds ratio (OR) and 95% confidence intervals (CI). Mann-Whitney test was used to compare the numbers of secondary mutations in PR per viral variant in groups A and B. All P values are two sided, and significance was established at P , 0.05. All statistical analyses were performed with the Prism software (version 3.0, GraphPad Software Inc.).
Results
Baseline characteristics of patients Changes in the prevalence of transmitted drug resistance were analyzed based on groups A (n ¼ 76) and B (n ¼ 78), which consisted of newly infected individuals identified in 1995-1998 and 1999-2001, respectively (1995: 7; 1996: 28; 1997: 23; 1998: 18; 1999: 33; 2000: 38; 2001: 7) . The two groups were comparable with respect to sex, ethnic background and risk factors (group A: 96% male, 76% Caucasian, 12% Hispanic, 9% African-American, 93% men who have sex with men; group B: 97% male, 74% Caucasian, 12% Hispanic, 10% African-American, 97% men who have sex with men). In contrast, median plasma HIV-1 RNA viral load values were higher in individuals identified in 1999-2001 (group A: median 5.13 log 10 copies/ml; group B: median 5.49 log 10 copies/ml; P ¼ 0.007). Furthermore, the duration between onset of clinical symptoms compatible with acute retroviral syndrome (126/154 patients, 81.8%) and resistance testing decreased (group A: median 53 days; group B: median 31 days; P , 0.001). In summary, the cohort studied remained homogeneous with respect to the demographic distribution, although newly infected individuals in 1999-2001 were identified earlier during primary HIV-1 syndrome.
Genotypic drug resistance
From the 154 newly infected individuals, 154 PR and 152 RT gene sequences were available. Because of sample insufficiency, complete RT sequence data were not available for two patients in group B and they are, therefore, omitted from the overall sequence analysis (complete genotypic results for 76 in each group). The proportion of newly infected individuals with viral variants carrying mutations associated with resistance to protease inhibitors (PI) and/or reverse transcriptase inhibitors (RTI) increased from 13.2% (10/76) in group A to 19.7% (15/76) in group B (P ¼ 0.389, Fig. 1a ).
Genetic analysis of the pol sequences obtained suggested that all isolates were closest to HIV-1 subtype B clade (data not shown).
Genetic analysis of the protease gene
The frequency of primary PR resistance-conferring mutations (M46I, V82A, L90M) increased from 1/76 (1.3%) in group A to 4/76 (5.3%) in group B (P ¼ 0.17; Table 1 ). In all but one viral variant, these primary mutations were associated with resistanceconferring amino acid substitutions in the RT gene. Primary PI mutations other than the above mentioned ones were not detected.
Secondary mutations in PR have a less direct effect on inhibitor binding in vitro than primary mutations but can contribute to drug resistance [11] . Although the proportion of individuals with viral variants carrying secondary PI mutations was comparable (group A: 76.3%; group B: 80.2%), the mean (AESE) number of secondary mutations per variant ( Although the frequency of both primary and secondary mutations in PR increased over time, the difference was more marked for the secondary mutations M36I and A71V/T.
Genetic analysis of the reverse transcriptase gene
The frequency of resistance-associated mutations in the RT gene (M41L, T69D, K70R, K103N, V118I, V179E/D, M184V, Y181I, Y188L, L210W, T215Y, T215S/D, K219Q) increased from 10/76 (13.2%) in group A to 14/76 (18.4%) in group B (Table 1) . Other mutations associated with nucleoside reverse transcriptase inhibitor (NRTI) (L74V, V75T, Y115F, F116Y, Q151M) or non-nucleoside reverse transcriptase inhibitor (NNRTI) (L100I, V106A, V108I, G190A) drug resistance were not detected.
While an overall increase of 5% was observed in RT gene mutations from group A to group B, specific mutations varied greatly, ranging from previously ab- (Fig. 1b) . Phenotypic resistance testing was not successful for 20 patients because of technical reasons and/or sample insufficiency (e.g. low viral load, presence of internal restriction sites, insufficient frozen plasma).
Reduced viral drug susceptibility, as determined by the PhenoSense assay, was categorized into low-level [. 2.5-fold for all drugs except didanosine (. 1.7-fold), d4T (. 1.7-fold) and abacavir (. 4.5-fold)] and moderate/high-level [. 5-fold for all drugs except ddI (. 3.4-fold), d4T (. 3.4-fold) and abacavir (. 9-fold)] groups. In the absence of well-defined clinical cut-off values for most of the antiretroviral compounds, the moderate/high-level category was termed phenotypic resistance. The frequency of low-level reduced susceptibility as well as phenotypic resistance per compound and group are shown in Fig. 2a .
Although the relative frequency of phenotypic resistance was similar in both groups [6/60 (10.0%) in group A and 8/74 (10.8%) in group B], the patterns detected differed (Fig. 1b) In all but two viral variants, phenotypic resistance correlated with the detection of the expected resistance-associated mutations. In the first discordant case, where phenotypic lamivudine resistance was found, a minor population of M184V was detected by limiting dilution PCR but not consensus sequencing [6] . In the second patient, a 9.7-fold reduced susceptibility towards delavirdine was detected (residues 1 to 305 of RT, PhenoSense assay), whereas the corresponding RT sequence (residues 37-245 of RT, genotyping performed with TRUGENE HIV-1 assay) did not reveal any known NNRTI resistance-related mutations. Multidrug resistance Viral variants were recorded as multidrug resistant if primary resistance-associated mutations and phenotypic resistance to at least two drug classes were detected. The frequency of transmitted multidrug-resistant viral variants increased only slightly, from 2/76 (2.6%) in group A to 3/76 (4%) in group B. The resistance patterns of the multidrug-resistant variants are summarized in Table 2 .
Phenotypic hypersusceptibility
Analysis of viral quasispecies in variants containing the T215S/D substitution in the reverse transcriptase Mutation of amino acid 215 of RT from threonine to tyrosine (T215Y) confers resistance to zidovudine [17] . In contrast, cysteine (C), asparagine (N), serine (S) or aspartic acid (D) residues at this position do not translate into phenotypic resistance to zidovudine but rather reflect viral evolution from the 215Y substitution in a drug-free environment [18, 19] . T215S/D substitutions were detected by population-based sequencing in 5.3% of individuals in group B [two subjects with T215S (patients 1 and 2) and two with T215D (patients 3 and 4); Fig. 3 ]. All four viral variants were susceptible to NRTI. Clones were analyzed by sequencing in order to assess the spectrum of viral quasispecies present and elucidate whether viral evolution occurred before or after transmission. Patients 1 and 2 revealed a predominance of viral variants with T215S residues (9/10 clones 215S). For patient 3, the analysis of clones revealed a mixed viral population (6/10 clones 215D; 4/10 215S). In patient 4, a homogenous T215D viral population (10/10 clones T215D) was detected. Interestingly, in both patients that showed T215D substitutions, additional resistance-associated mutations were present (patient 3: M41L and T69D in 9/10 clones and L210W in 10/10 clones; patient 4: M41L and L210W in 10/10 clones). Of note, 215D (GAC) and 215N (AAC) require only a single nucleotide change to reach the resistance-conferring 215Y (TAC) substitution. 215S (AGC), in contrast, requires, like wild-type 215T (ACN), the exchange of two nucleotides. The stepwise evolution as well as the viral quasispecies detected in these four individuals is shown in Fig. 3 .
Discussion
While several studies have described the prevalence of HIV-1 drug resistance in newly infected individuals [5] [6] [7] [8] , only limited data have been available concerning the temporal changes in transmitted HIV-1 drug resistance in demographically homogeneous cohorts.
The findings of our study not only summarize the resistance data of 154 newly infected individuals recruited at a single American clinical site between 1995 and 2001 but also permit an assessment of changing resistance patterns. We believe that the observed altered pattern of transmitted drug resistance is not a consequence of any shift in the patient population studied since the cohort remained demographically consistent over the years. It should be noted, however, that the time between clinical symptoms compatible with acute 1995-1998 1999-2001 1995-1998 1999-2001 1995-1998 1999-2001 1995-1998 1999-2001 1995-1998 1999-2001 1995-1998 1999 Consistent with other studies [4, 10] , we observed an overall increase of resistance-associated mutations from 13% in 1995-1998 to 20% in 1999-2001. More specifically, our data demonstrate an increase in PI-and NNRTI-related genotypic and phenotypic resistance while there was a decrease in transmission of viral variants with mutations conferring phenotypic resistance to the NRTI class of drug. Of note, lamivudineresistant variants were only detected in individuals of group A. One possible explanation is that viruses containing the M184V substitution in addition to multiple PI resistance-conferring mutations display reduced fitness and transmissibility. In the later observation period, phenotypic NRTI resistance was restricted to zidovudine and was strictly detected in the context of multidrug-resistant isolates. All eight viral variants with isolated NRTI-associated mutations in group B had fully susceptible phenotypes.
Fifty percent of the genotypically altered but fully susceptible viruses found in subjects identified in 1999-2001 had 215D/S substitutions in RT. These substitutions, however, were not detected in the earlier observation period (P ¼ 0.042). Detailed analyses of the viral quasispecies in the four individuals with 215D/S variants revealed almost homogenous populations consisting of either serine or aspartic acid substitutions in three out of the four patients. In one subject, a mixture of 60% 215D and 40% 215S variants was detected. Notably, the variants with 215D substitutions were found to have additional resistance-associated mutations (e.g., M41L, L210W). The gain in fitness conferred by 215D, but not 215S, in a RT background carrying additional thymidine analogue mutations could explain these two patterns [18] . These differences may be of clinical relevance since 215D (GAC) has an increased ability to evolve towards 215Y (TAC) whereas 215S (AGC) could be considered a stable, new wild-type variant. Nevertheless, clinical data regarding the effects of these variants on treatment responses to thymidine analogue-containing regimens are lacking. Since no variants with 215Y substitution were detected in any of these patients with primary HIV-1 infection, these findings suggest that, although viral evolution continues to a certain extent in the new host, the 215S/D variants were themselves transmitted. It appears, therefore, that the transmitted viruses originated in individuals previously treated with thymidine analogues.
Another observation that supports the hypothesis that viral variants originating in previously treated patients were more frequently transmitted in group B is the increase of secondary mutations in PR per viral variant. In HIV-1 clade B isolates, the secondary mutations M36I and A71V/T have been described in the context of PI resistance [11, 20] . By themselves they do not confer measurable reductions in viral susceptibility to these compounds but rather restore the viral replication capacity [21, 22] . Both substitutions, M36I and A71V/ T, were detected more frequently in group B (P , 0.05). Furthermore, we observed a decrease of hypersusceptibility toward PI from 19% (1995) (1996) (1997) (1998) to 5% (1999) (2000) (2001) . In contrast to NNRTI hypersusceptibility, which has been associated with an improved virological response when treatment with NNRTI is initiated [23] , the clinical significance and etiology of hypersusceptibility to PI is not well understood. Recently, polymorphisms in p6 have been associated to it and a correlation between PI hypersusceptibility and decreased viral replication capacity has been demonstrated [24] . However, it is unclear if this observation is relevant in vivo as these viruses have successfully been transmitted and subsequently replicated to high levels. Our results suggest that increased frequency of viral variants with secondary mutations in PR is associated with the shift from hypersusceptibility to normal range phenotypic susceptibility to PI.
While the demographic homogeneity of our cohort over the years studied was crucial for accurate analysis of temporal changes, it can also be seen as a limitation of the study. Because our cohort consists almost entirely of homosexual men, the findings presented here may not be applicable to other risk groups. It may be that the described trends towards changing resistance in newly infected individuals are more pronounced in our highly selective cohort. Nonetheless, the overall frequency of drug resistance observed (genotypic 16%, phenotypic 10%) is of the same order of magnitude as that reported by other groups [5, 25, 26] .
In summary, we detected an increased frequency of resistance towards NNRTI and PI, while transmission of lamivudine-resistant viruses only occurred between 1995 and 1998. In addition, we discovered phenotypically wild-type HIV-1 variants with aspartic acid and serine residues at position 215 of the RT in 5% of individuals recruited between 1999 and 2001. Furthermore, the increased frequency of secondary mutations in PR coincided with a significant decrease of PIassociated hypersusceptibility during the same time period. These data suggest that there is increased transmission of variants that evolved in patients after they discontinued antiretroviral therapy. This permitted the evolution of drug-resistant HIV-1 in a drug-free environment, resulting in viral variants with alternative genotypes but susceptible phenotypes.
In light of these findings, systematic studies are needed to elucidate further the impact of transmitted drugresistant viral variants on primary virological outcome. Additionally, we must evaluate the risk for early virological failure conferred by new HIV-1 genotypes bearing decreased genetic barriers to resistance. critical reading of the manuscript and Gregor M. Cardué for assistance with graphics. We also thank Visible Genetics and Roche Diagnostics for supplying laboratory materials. Finally, we are grateful to all the participants in the early intervention trials conducted at ADARC.
